Abstract: Highly sensitive broadband photothermal spectroscopy with a white-light lamp as the excitation source was developed by combining a Sagnac interferometer and balanced detection with a photothermal deflection method. A probe beam was split by a birefringent crystal CaCO 3 into signal and reference beams with a balanced intensity. This balanced detection enabled the measurement of photoexcited thermal relaxation spectra of materials in the air over the whole visible range in the weak excitation limit 50 µW/cm 2 . The photothermal excitation spectrum of Eu 2+ -doped CaAlSiN 3 phosphors (CASN:Eu 2+ ) with a high luminescent quantum efficiency was measured to be distinctly different from the photoluminescence excitation spectrum which reflects the absorption spectrum, revealing the thermal relaxation mechanism of the phosphor. Assuming a typical non-radiative relaxation from the higher excited states to the lowest excited state and successively to the ground state, it is demonstrated that the photoluminescence efficiency of the phosphors is readily evaluated simply by comparing the photothermal and photoluminescence excitation spectra.
Introduction
In general, measurement of the light energy conversion efficiency in a phosphor, a solar cell, or a plant is not easy technically even though the principle is very simple, because it requires accurate measurement [1] of irradiation light intensity and absorption efficiency (input power), total light emission energy, generated electric power, or metabolite yield (output power). As demonstrated in this paper, by contrast, if the photothermal spectrum can be measured over a wide spectral range showing the difference in shape from the absorption spectrum, the light energy conversion efficiency can be evaluated based on physically reasonable assumptions about thermal relaxation.
For most substances (especially condensed matter) excluding atoms in a vacuum, most of the excitation energy relaxation rate is dominated by a non-radiative thermal relaxation rate, where the energy is finally released as heat to the surroundings of the sample. As a method for measuring this heat generation, photothermal spectroscopy including photoacoustic spectroscopy has been carried out for a long time. Since the photothermal spectrum is a measure of the heat generation rather than the luminescence amount as a function of the excitation light wavelength, it will be referred to as the photothermal excitation spectrum (PTES) in the rest of this paper as a counterpart of the photoluminescence excitation spectrum (PLES). The advantage of PTES over PLES is that it can be applied to all samples because any material has a non-radiative relaxation process, which is the main relaxation process for most substances except highly fluorescent material. Relaxation between the higher excited states is dominated by a non-radiative thermal relaxation, while relaxation from the lowest excited state to the ground state is characterized by the increased apparent photoluminescence rate including both radiative and non-radiative rates k(apparent) = k(radiative) + k(non-radiative). Thus, information of relaxation paths is obtained by comparing PTES with the absorption spectrum or PLES. To emphasize this feature, PTES is also called the thermal relaxation spectrum in this paper.
However, in the long history of photothermal spectroscopy including photoacoustic spectroscopy, this capability of PTES has not been fully explored. Although there are many pioneering studies that have evaluated various quantum yields (luminescence, metabolite, or triplet-state formation via intersystem crossing) with these spectroscopic methods [2] [3] [4] [5] [6] [7] there are only a few examples [4] of PTES with a clear difference from PLES. One of the reasons is that thermal detection is less sensitive than luminescence detection, so that a laser is often used as an excitation light source, making it difficult to measure photothermal spectra over a wide wavelength region. Another reason is that highly luminescent material, which is expected to show a photothermal spectrum clearly different from the absorption spectrum, has a low heat-generation efficiency to make it difficult to obtain the photothermal spectrum.
The difference between the photothermal spectrum and absorption spectrum is expected to be relevant to the relaxation mechanism. Important examples may be in biological systems. For example, this kind of process may be taking place in higher plants: Excessive light energy causes damage to the photosynthetic system, so that excess energy is dissipated by heat dissipation process for the photosynthetic mechanism to be protected. Such a dissipation process is important in nature where the environment changes, known as non-photochemical quenching [8] . Since this heat dissipation process is known to work even with the excitation intensity as weak as 5 mW/cm 2 @ 680 nm, it is necessary to measure the photothermal spectrum in the weak excitation limit for acquisition of the thermal relaxation spectrum reflecting the quantum efficiency of photosynthesis. In the past, however, the photothermal spectrum of a leaf has not been measured with sufficiently weak excitation, and an apparent difference between the photothermal and the absorption spectra has never been observed [5] .
In photothermal deflection spectroscopy (PDS), representative of photothermal conversion spectroscopy because it is said that PDS is by one order of magnitude more sensitive than photoacoustic spectroscopy (PAS) [9] , a laser is generally used as an excitation light source, and a sample is immersed in a medium having a large temperature coefficient of the refractive index (dn/dT) as the surrounding deflection medium, such as carbon tetrachloride. When a bright white light source such as a Xe lamp is used, the wavelength is often selected by a narrow band filter instead of a diffraction grating spectrometer having a low throughput. The typical spectral excitation light intensity in that case is 1 nW/µm 2 = 0.1 W/cm 2 .
Since photothermal deflection spectroscopy detects heat generation accompanying non-radiative relaxation after light absorption of a specimen, many researches have been carried out since the analysis Appl. Sci. 2020, 10, 1008 3 of 13 of its physical properties can be carried out non-destructively irrespective of the morphology of the specimen. Previously we developed the Sagnac-interferometer photothermal deflection spectroscopy (SIPDS) to improve the signal to noise ratio (S/N) by one order of magnitude (detectable temperature change 6 × 10 −5 K) [10, 11] compared with the original report on PDS [12] . As a result, measurement of broadband photothermal spectra is realized in the air by excitation with a weak narrow-spectrum light from a white-light lamp through a monochromator. The photothermal spectrum is equivalent to the absorption spectrum if 100% of the excitation energy is nonradiatively relaxed, but if it is converted to photoluminescence and/or chemical reaction energies, it becomes different from the absorption spectrum. The difference enables us to evaluate the quantum efficiency of luminescence or chemical energy conversion.
In this paper, we have implemented balanced detection into SIPDS and achieved fourfold improvement in S/N compared with SIPDS without balanced detection. We have applied this system to the measurement of photothermal excitation spectrum (PTES) of Eu 2+ -doped CaAlSiN 3 phosphors [13, 14] and estimated the luminescence quantum efficiency solely from comparison with the photoluminescence excitation spectrum (PLES), in good agreement with that measured independently by the absolute quantum efficiency measurement system using integrating sphere [15] .
Materials and Methods
The details of the experimental methods and detection principle are described in References [10, 11] . It was previously shown that the dominant factor of the residual noise in the SIPDS system was linearly correlated with the probe laser beam intensity in Reference [11] , where it is suggested that subtractive detection of the probe light should be implemented for further reducing the noise in the system. In the present paper, therefore, we have tested two experimental setups for balanced detection of the probe. For splitting the probe into signal and reference beams, one uses a conventional cube beam splitter (method 1) and the other uses a birefringent crystal (calcite) (method 2). The sample used for comparison of S/N is activated carbon. All the experiments were performed at room temperature.
Method 1
A cube beam splitter (BS) and a mirror were put before the Sagnac interferometer, as illustrated in Figure 1 . The probe laser beam from a He-Ne laser (R-32734, Newport, Irvine, CA, USA) was divided with the beam splitter into the two equal-intensity beams used as the signal and reference beams. The signal beam is transmitted through the refractive index gradient while the reference beam is bypassing it. The interference of both probe and reference laser beams was detected at the same time with two photodiodes after the Sagnac interferometer on the two conditions with/without the excitation light. The signal beam contains information of both the photothermal effect of the sample and the noise factor of the probe laser beam. The reference beam carries only the noise factor common to the probe laser beam. The two photodiodes were connected in the opposite directions to subtract the photocurrent of the reference beam from that of the signal beam. Thus, the residual output signal from the two combined photodiodes carries only the photothermal signal without the probe beam noise. The photocurrent generated from the two photodiodes was input to the lock-in amplifier (7265, Signal Recovery, Edinburgh, UK). Subtraction of the common noise from the probe laser beam was thus successfully performed to achieve the improvement in the S/N of the photothermal deflection detection.
The interference light intensities of the signal and reference beams were adjusted to the same intensity to subtract the noise of the probe laser beam. These two probe laser beams were propagating in parallel via adjusted mirror angle before the BS.
The focal length of the plano-convex lens at the input of the interferometer was 300 mm in both method 1 and 2. The beam waist at the sample was calculated to be 166 µm from the diameter 1.4 mm at the lens, the lens focal length, and the wavelength of He-Ne laser. The modulation frequency of the excitation light was 20.0 Hz.
Figure 1.
Schematic diagram of the intensity-balance Sagnac interferometer photothermal deflection spectroscopy. The beam splitter (BS) and mirror were inserted before the Sagnac interferometer. These optical components generated two probe laser beams, the signal and reference. The beam diameter was 1.4 mm at the lens and the lateral distance between the two beams was about 5 mm.
Method 2
In this experiment, a birefringent crystal CaCO3 of 15 × 15 × 5 mm was used to generate the signal beam and reference beam in a parallel direction to each other, as illustrated in Figure 2 . The CaCO3 is a uniaxial crystal. If the incidence beam is polarized at 45 degree against the crystal axis of CaCO3, it was split into two equal-intensity beams. The two beams were passed through the common surface of the crystal. Therefore, the two beams were completely aligned parallel and of equal intensity to each other. Then, one of the beams was used as the signal beam to pass the refractive index gradient position while the other beam was used as the reference beam. The signal intensities of interfering light detected by the two photodiodes were adjusted to be equal by appropriate rotation of the polarization angle after the intensity adjustment. This optical system could more effectively reduce the intensity noise of the probe laser beam by subtraction. Further improvement of the S/N was achieved by this optical system designed for complete subtraction of the probe laser beam noise.
The birefringent crystal CaCO3 was placed before the Sagnac interferometer. The wave plate was rotated by 22.5 degrees to make the polarization angle 45 degrees against the CaCO3 crystal axis. By the process the two beam intensities split by the CaCO3 crystal was equalized. These beams were detected with the two photodiodes. The photocurrent generated by two photodiodes was introduced to the lock-in amplifier. The beam splitter (BS) and mirror were inserted before the Sagnac interferometer. These optical components generated two probe laser beams, the signal and reference. The beam diameter was 1.4 mm at the lens and the lateral distance between the two beams was about 5 mm.
In this experiment, a birefringent crystal CaCO 3 of 15 × 15 × 5 mm 3 was used to generate the signal beam and reference beam in a parallel direction to each other, as illustrated in Figure 2 . The CaCO 3 is a uniaxial crystal. If the incidence beam is polarized at 45 degree against the crystal axis of CaCO 3 , it was split into two equal-intensity beams. The two beams were passed through the common surface of the crystal. Therefore, the two beams were completely aligned parallel and of equal intensity to each other. Then, one of the beams was used as the signal beam to pass the refractive index gradient position while the other beam was used as the reference beam. The signal intensities of interfering light detected by the two photodiodes were adjusted to be equal by appropriate rotation of the polarization angle after the intensity adjustment. This optical system could more effectively reduce the intensity noise of the probe laser beam by subtraction. Further improvement of the S/N was achieved by this optical system designed for complete subtraction of the probe laser beam noise.
The birefringent crystal CaCO 3 was placed before the Sagnac interferometer. The wave plate was rotated by 22.5 degrees to make the polarization angle 45 degrees against the CaCO 3 crystal axis. By the process the two beam intensities split by the CaCO 3 crystal was equalized. These beams were detected with the two photodiodes. The photocurrent generated by two photodiodes was introduced to the lock-in amplifier.
The set-up procedure is explained in detail. The interference light intensity of the two beams were detected with the two photodiodes. The output of two photodiodes was processed by the lock-in amplifier. The sensitivity of the lock-in amplifier was set to 1 µA and the subtractive output from the two photodiodes was adjusted to less than 50 nA compared with the interference light intensity about 8.0 µA.
Figure 2.
Schematic diagram of the intensity balanced Sagnac interferometer photothermal deflection spectroscopy with a CaCO3 birefringent crystal. The CaCO3 crystal was inserted before the Sagnac interferometer. The beam diameter was 1.4 mm at the lens and the lateral distance between the two beams was about 2 mm.
The set-up procedure is explained in detail. The interference light intensity of the two beams were detected with the two photodiodes. The output of two photodiodes was processed by the lockin amplifier. The sensitivity of the lock-in amplifier was set to 1 µA and the subtractive output from the two photodiodes was adjusted to less than 50 nA compared with the interference light intensity about 8.0 µA.
Materials
Eu 2+ -doped CaAlSiN3 (CASN:Eu 2+ ) is a red phosphor with high quantum efficiency used for a white-light emitting diode (LED). We used CASN:Eu 2+ powder with 1 mol% Eu and particle size of 17 µm. The PL/PLES spectrum and the quantum efficiency were measured using an absolute quantum efficiency measurement system (QE2000, Otsuka Electronics, Osaka, Japan). Internal quantum efficiency was measured to be 90%. The PTES was measured by the method 2 on the conditions described above as follows. CASN:Eu 2+ powder was mounted and glued on a glass slide as a sample. The PTES spectrum was measured in the air. The modulation frequency of the pump was 20 Hz, and maximum excitation light intensity was 5 mW/ cm 2 @ 470 nm (210 µmol m −2 ·s −1 ). For normalization of the signal spectrum, activated carbon was put on the same slide and measured absolutely in the same manner. Then the raw photothermal spectrum of CASN:Eu 2+ powder was divided by that of activated carbon to obtain the PTES of CASN:Eu 2+ .
Results and Discussion

Results and Discussion 1
The average noise intensity was evaluated to be 152 and 81 without and with balanced detection, respectively, from the measurement data points between 400 nm and 697.5 nm ( Figure 3 ). The S/N was improved by 1.8 times with the balanced detection. 
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Eu 2+ -doped CaAlSiN 3 (CASN:Eu 2+ ) is a red phosphor with high quantum efficiency used for a white-light emitting diode (LED). We used CASN:Eu 2+ powder with 1 mol% Eu and particle size of 17 µm. The PL/PLES spectrum and the quantum efficiency were measured using an absolute quantum efficiency measurement system (QE2000, Otsuka Electronics, Osaka, Japan). Internal quantum efficiency was measured to be 90%. The PTES was measured by the method 2 on the conditions described above as follows. CASN:Eu 2+ powder was mounted and glued on a glass slide as a sample. The PTES spectrum was measured in the air. The modulation frequency of the pump was 20 Hz, and maximum excitation light intensity was 5 mW/ cm 2 @ 470 nm (210 µmol m −2 ·s −1 ). For normalization of the signal spectrum, activated carbon was put on the same slide and measured absolutely in the same manner. Then the raw photothermal spectrum of CASN:Eu 2+ powder was divided by that of activated carbon to obtain the PTES of CASN:Eu 2+ .
Results and Discussion
Results and Discussion 1
The average noise intensity was evaluated to be 152 and 81 without and with balanced detection, respectively, from the measurement data points between 400 nm and 697.5 nm ( Figure 3 ). The S/N was improved by 1.8 times with the balanced detection.
The probe laser beam noise contributed about 90% out of the total noise size estimated by the measurement [11] . If the probe beam noise was completely removed, the S/N should be improved by about 10 times. Therefore, this optical system was not enough to subtract the probe laser beam noise. This insufficient S/N improvement was due to mismatch of the interference intensity at each photodiode. If the signal beam and reference beam were completely parallel, the interference light intensity of the signal beam coincides with that of the reference beam due to the optical common path. In this optical system, the signal beam and reference beam were split by the BS and one of the beams was reflected at the mirror before the Sagnac interferometer. Therefore, it was difficult to make these two beams parallel since the mirror before the Sagnac interferometer set in a non-common path The probe laser beam noise contributed about 90% out of the total noise size estimated by the measurement [11] . If the probe beam noise was completely removed, the S/N should be improved by about 10 times. Therefore, this optical system was not enough to subtract the probe laser beam noise. This insufficient S/N improvement was due to mismatch of the interference intensity at each photodiode. If the signal beam and reference beam were completely parallel, the interference light intensity of the signal beam coincides with that of the reference beam due to the optical common path. In this optical system, the signal beam and reference beam were split by the BS and one of the beams was reflected at the mirror before the Sagnac interferometer. Therefore, it was difficult to make these two beams parallel since the mirror before the Sagnac interferometer set in a non-common path configuration. This problem was solved by the method 2 using a birefringence crystal, the result of which was explained in the following subsection.
Results and Discussion 2
Further improvement in the S/N value was demonstrated by the intensity balanced detection system with using a birefringent crystal. As shown in Figure 4 , by suppressing the probe laser beam intensity noise more effectively, the intensity balanced detection with the CaCO3 crystal successfully increased the S/N by the factor of about 4.0 from the no balanced detection scheme. Generation of completely parallel beams was the most essential in this improvement. The average value of the noise intensity was decreased from 152 to 42. The experimental result with the CaCO3 crystal indicated smaller noise intensity than without the CaCO3 crystal. However, if the probe laser intensity noise was completely removed, the S/N should be improved by ten times. This insufficient S/N improvement suggested the other noise origin. A possible origin of this insufficient noise suppression is different paths between the signal and reference beam. If the signal and reference beams passed the different space, the probe laser beam may be suffered from the different fluctuation effect of the atmosphere on the optical path.
The S/N for activated carbon was obtained to be more than 200 at the maximum excitation light intensity 5 mW/cm 2 @ 470 nm. Thus, the excitation light intensity required for S/N≈ 1～2 is estimated to be 50 µW/cm 2 . 
Further improvement in the S/N value was demonstrated by the intensity balanced detection system with using a birefringent crystal. As shown in Figure 4 , by suppressing the probe laser beam intensity noise more effectively, the intensity balanced detection with the CaCO 3 crystal successfully increased the S/N by the factor of about 4.0 from the no balanced detection scheme. Generation of completely parallel beams was the most essential in this improvement. The average value of the noise intensity was decreased from 152 to 42. The experimental result with the CaCO 3 crystal indicated smaller noise intensity than without the CaCO 3 crystal. However, if the probe laser intensity noise was completely removed, the S/N should be improved by ten times. This insufficient S/N improvement suggested the other noise origin. A possible origin of this insufficient noise suppression is different paths between the signal and reference beam. If the signal and reference beams passed the different space, the probe laser beam may be suffered from the different fluctuation effect of the atmosphere on the optical path. 
Thermal Relaxation Spectrum
Using quasi-monochromatic light from a white-light lamp (Xe lamp, L11034, Hamamatsu Photonics, Shizuoka, Japan) as the excitation light, the PTES have been successfully obtained for The S/N for activated carbon was obtained to be more than 200 at the maximum excitation light intensity 5 mW/cm 2 @ 470 nm. Thus, the excitation light intensity required for S/N ≈ 12 is estimated to be 50 µW/cm 2 .
Using quasi-monochromatic light from a white-light lamp (Xe lamp, L11034, Hamamatsu Photonics, Shizuoka, Japan) as the excitation light, the PTES have been successfully obtained for CASN:Eu 2+ powders [4] in the air as shown in Figure 5a , where photoluminescence (PL) and PLE spectra are also plotted. detection (black line) and balanced detection without the CaCO3 crystal (red line).
Using quasi-monochromatic light from a white-light lamp (Xe lamp, L11034, Hamamatsu Photonics, Shizuoka, Japan) as the excitation light, the PTES have been successfully obtained for CASN:Eu 2+ powders [4] in the air as shown in Figure 5a , where photoluminescence (PL) and PLE spectra are also plotted.
Comparison of the PTES of CASN:Eu 2+ with its PLES shows characteristic feature reflecting a high fluorescence quantum efficiency that the relative intensity of the PTES against the PLES decreases toward the absorption edge. In Figure 5b , in fact, the spectral shape of the PTES is reasonably reproduced by the PLES transformed with Equation (7) in Section 4, assuming that the absorbed light energy less than 1.9 eV (the peak energy of the PL spectrum) is converted into luminescence by 80 to 100% quantum efficiency and that the absorbed light energy exceeding 1.9 eV is all thermally relaxed to yield the photothermal signal. A theoretical discussion on the method how to transform PLES to reproduce PTES is undertaken in Section 4. Comparison of the PTES of CASN:Eu 2+ with its PLES shows characteristic feature reflecting a high fluorescence quantum efficiency that the relative intensity of the PTES against the PLES decreases toward the absorption edge. In Figure 5b , in fact, the spectral shape of the PTES is reasonably reproduced by the PLES transformed with Equation (7) in Section 4, assuming that the absorbed light energy less than 1.9 eV (the peak energy of the PL spectrum) is converted into luminescence by 80 to 100% quantum efficiency and that the absorbed light energy exceeding 1.9 eV is all thermally relaxed to yield the photothermal signal. A theoretical discussion on the method how to transform PLES to reproduce PTES is undertaken in Section 4.
Relation Between Photothermal and Photoluminescence Excitation Spectra
Let us formulate the relation between PTES and PLES in terms of the luminescence quantum efficiency (or quantum yield) based on radiative transition in the conventional configurational coordinate model in the harmonic approximation as shown in Figure 6 [16] . We can reasonably assume a typical non-radiative relaxation process where rapid non-radiative relaxation occurs from the higher to lower excited states and from the vibrationally excited state into the bottom of the adiabatic potentials in the lowest excited state and in the ground state. It is assumed that the radiative transition occurs with the luminescence quantum efficiency (≤1) from the bottom of the adiabatic potential of the lowest excited state into the vibrationally excited levels in the adiabatic potential of the ground state. assume a typical non-radiative relaxation process where rapid non-radiative relaxation occurs from the higher to lower excited states and from the vibrationally excited state into the bottom of the adiabatic potentials in the lowest excited state and in the ground state. It is assumed that the radiative transition occurs with the luminescence quantum efficiency (≤1) from the bottom of the adiabatic potential of the lowest excited state into the vibrationally excited levels in the adiabatic potential of the ground state. Figure 6 . Radiative and non-radiative relaxation in the configurational coordinate model [16] . ℏ : phonon energy,
: energy of zero phonon line, : fluorescence peak energy, , are the equilibrium configurations at electronic ground and excited states, respectively. :
magnitude of electron-lattice interaction defined by the energy difference between the excited-state adiabatic potential energy at and that at .
As usual as depicted in Figure 6 , we define the magnitude of electron-lattice interaction and phonon energy ℏ to obtain the Huang-Rhys factor S and the Franck-Condon factor as follows:
= ℏ , = ! , = 1, and =
The conversion ratio P of excitation energy to thermal energy when luminescence quantum efficiency is 100% (assuming that relaxation within the adiabatic potential occurs non-radiatively):
where is the excitation photon energy, is the fluorescence photon energy, and is the zero phonon energy.
The photothermal excitation signal intensity (raw signal) ( ) is expressed by:
where η is the luminescence quantum efficiency,
is the spectral response function of the measurement apparatus,
is the photon flux density of the excitation light, and is the absorption coefficient of the sample at . Figure 6 . Radiative and non-radiative relaxation in the configurational coordinate model [16] . ω v : phonon energy, E 00 : energy of zero phonon line, E fl : fluorescence peak energy, q gr , q ex are the equilibrium configurations at electronic ground and excited states, respectively. W LR : magnitude of electron-lattice interaction defined by the energy difference between the excited-state adiabatic potential energy at q gr and that at q ex .
As usual as depicted in Figure 6 , we define the magnitude of electron-lattice interaction W LR and phonon energy ω υ to obtain the Huang-Rhys factor S and the Franck-Condon factor F m0 as follows:
where E ex is the excitation photon energy, E fl is the fluorescence photon energy, and E 00 is the zero phonon energy. The photothermal excitation signal intensity (raw signal) PTE(E ex ) is expressed by:
where η is the luminescence quantum efficiency, β(E ex ) is the spectral response function of the measurement apparatus, n(E ex ) is the photon flux density of the excitation light, and α ex is the absorption coefficient of the sample at E ex . Then, the photothermal excitation spectrum PTES(E ex ) of the sample is obtained by normalizing PTE(E ex ) with that of activated carbon (η = 0, α ex L 1), βnE ex , as:
This equation shows PTES is proportional to the absorption spectrum (α ex ) if η = 0 and α ex L 1.
The raw signal intensity for the photoluminescence excitation spectrum is expressed by:
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Thus, we finally obtain the relation between PTES(E ex ) and PLES(E ex ) as:
In Figure 5 , we assumed η = 0.75, 0.8, 0.9, 1 and E fl = E 00 − S ω υ = 1.9eV (the peak of the photoluminescence spectrum).
The PTES agrees with the transformed PLES within η = 0.8 to 1, consistent with η = 0.9 independently measured with the absolute quantum efficiency measurement system. Even though agreement is fairly good, there is evident residual difference. Possible reasons for the discrepancy are as follows.
Firstly, thermoluminescence from CASN:Eu 2+ may distort PLES and/or PTES, causing departure from ideal behavior expected in the standard energy relaxation model. CASN:Eu 2+ is known not only for high quantum efficiency but also for excellent thermal-quenching behavior. The mechanism of the latter nature is studied [17, 18] and it is revealed that photoexcited electrons are partially trapped at trapping sites and thermally excited to yield thermoluminescence. This may also affect apparent luminescence quantum efficiency.
Secondly, it can be interpreted at face value, i.e., the luminescence quantum efficiency η depends on the excitation light energy as follows:
For example, if η(E ex ) = 1 − 0.2 E ex − E f l , we obtain excellent agreement as shown in Figure 7 . In fact, calculation of absorption spectrum of CASN:Eu 2+ [19] shows that absorption increases monotonically up to 3.6 eV, inconsistent with the PLES presently observed, where the absorption levels off around 2.5 eV and decreases above 2.6 eV. This may be indicative of the onset of a non-radiative channel by higher energy excitation, such as intersystem crossing into the radiatively inactive triplet state. Therefore, it is reasonable for the luminescence quantum efficiency tends to decrease with energy as assumed in Figure 7 . The other possibility is that α ex L increases with photon energy to be in the absorption saturation region (1 − e −α ex L ≈ 1) above 2.6 eV. It is usually difficult to judge which is the case, but the improved agreement between the PTES and the transformed PLES in Figure 7 supports the former case. In order for the comparison between PTES and PLES to be valid, it is not necessary that the PLES is proportional to the absorption spectrum since the PTES and PLES have the same (1 − e −α ex L ) dependence.
Thirdly, excitation and observation geometry was not the same between PTES and PLES. In order to estimate the effect of geometry, we measured PLES in the geometry similar to PTES to find that almost the same PLES as shown in Figure 5 was obtained. However, we need further to consider the effect of possible difference between the optical and thermal thickness of the sample as discussed in Reference [20] . Therefore, we derive a more rigorous formula by taking these effects into account below.
When the incident photon flux density is n 0 at E = E ex , the photon flux n p,ex at x (the depth from the surface), the density of the highest photoexcited state n ex , the density of the lowest relaxed excited state n fl (initial state of luminescence), flux density of luminescent photon n p,fl , and flux density of photon which is converted to emitted heat n p,t obey the equations:
dn ex dt = α ex n p,ex − n ex τ ex (10)
respectively, where α ex and α fl are the absorption coefficients at E = E ex and E = E fl , α t is the reciprocal of the thermal diffusion length, and τ ex , τ fl , and τ t are the non-radiative decay time from the highest photoexcited state, radiative and non-radiative decay times from the lowest relaxed excited state, respectively. The luminescence quantum efficiency is given by:
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Thus, luminescence photon flux density is given by:
and photon flux which is converted to heat and emitted from the sample surface is:
The raw photothermal excitation signal is:
Then, the photothermal excitation spectrum PTES(E ex ) of the sample is obtained by normalizing PTE(E ex ) with that of activated carbon E ex n 0 β (η = 0, α ex L 1, α ex α t ), as:
(If η = 0, α t L 1, and α t α ex (thermally thick sample), then PTES(E ex ) ∝ α ex . In this case, even if α ex L 1, PTES(E ex ) ∝ α ex as discussed in Reference [20] ). The raw photoluminescence excitation signal is:
which is normalized by βn 0 E ex (excitation light spectrum) to obtain:
Thus, we finally obtain a more rigorous relation:
If it is assumed that α fl L 1 and α t L 1, we again obtain the simple relation between PTES(E ex ) and PLES(E ex ) as:
In the present experiment, it is a good approximation that α fl α ex and α fl L 1, so:
The absorption coefficient of CaAlSiN 3 is calculated to amount to 10 4 cm −1 in the visible, so that e −α ex L ≈ 0 is satisfied since the CASN:Eu 2+ particles are >10 µm in diameter [19, 21] .
There is no literature available for α t of CASN:Eu 2+ , the reciprocal of thermal diffusion length which is a function of thermal diffusivity and modulation frequency of the excitation light. Thermal diffusivity is given by thermal conductivity/(density × specific heat). For CASN:Eu 2+ , thermal conductivity (4 W m −1 ·K −1 ) and density (3.15 g·cm −1 ) are measured in Reference [22] , but specific heat is not known. From thermal diffusivity of similar phosphor ceramic material is given in Reference [23] and that of typical ceramics in Wikipedia [24] , we can safely take 1 to 10 mm 2 /s. Then, thermal diffusion length at f = 20 Hz is estimated to be 0.1 to 0.4 mm from (2 × thermal diffusivity/2πf ) 1/2 . Therefore, the sample is thermally thin (α t L 1) considering the particle size, and α ex 10 4 cm −1 α t 10 − 100 cm −1 . Consequently, the Equation (22) holds as a good approximation.
Conclusions
SIPDS was improved fourfold in S/N by implementing balanced detection scheme. For balanced detection in SIPDS, it is crucial to obtain the equivalent interference pattern at the two detectors for signal and reference. For this purpose, the method to generate completely parallel beams was devised with the use of a birefringent crystal calcite. The method was applied to evaluate luminescence quantum efficiency η of CASN:Eu 2+ , well known red phosphor of white LED. We derived the relation between PTES and PLES, and proposed the method to estimate η by comparing the spectral shapes of PTES and PLES. The estimated value agrees well with that measured independently by the conventional absolute quantum efficiency measurement method. In addition, the agreement is improved if the excitation energy dependent quantum efficiency (decreasing with energy) is assumed. However, since CASN:Eu 2+ is a material showing persistent luminescence, the present formula relating PLES and PTES may not apply, requiring a more detailed analysis. One of the future, promising targets of the presently proposed method for estimating the excitation energy conversion efficiency is photosynthesis using live leaves. In order to estimate true solar energy conversion efficiency in photosynthesis by avoiding non-photochemical quenching, the excitation intensity is required to be well below 5 mW/cm 2 . Quantum efficiency measurement of plants at such a weak excitation is within the scope of SIPDS availability.
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